As a consequence of being diploid viruses, members of the Retroviridae have a high recombination rate. To measure recombination between two identical sequences within the same RNA molecule per round of retroviral replication cycle, a murine leukemia virus based vector (JZ442 ؉ 3 Hyg) has been constructed. It carries a drug resistance gene, hyg, and a 290-bp repeat sequence of the 3 hyg gene inserted into the 3 untranslated region of the green fluorescent protein gene (gfp). Under fluorescence microscopy, Hyg r cells containing the recombinant proviruses were clear, while a green color was observed in the drug-resistant cells carrying the parental proviruses. The rate of recombination was determined by the ratio of the number of clear colonies to the total number of Hyg r colonies (green and clear colonies). The rate of recombination was found to be 62% by this method. The intermolecular recombination rate between an infectious virus bearing two copies of the 290-bp segment and a noninfectious chimeric RNA virus containing only a single copy of this sequence was also measured.
The presence of two genomic RNA molecules in retroviral virions results in a high rate of recombination (4) . To study recombination, two different proviruses were introduced into one retroviral helper cell line. The recombinants were then judged by the expression of markers from both parental proviruses. Evidence shows that intermolecular recombinations occur frequently (8, 17) . Previously, it was deduced that recombination may occur between two sequences within the same RNA molecule (intramolecular) as well as between sequences within two separate RNA molecules (intermolecular) (15) . If intramolecular recombination occurs, it will result in a deletion within the progeny provirus. However, there is no direct evidence indicating that intramolecular recombination occurs. This is because, in the experiments described above, retroviral particles were able to package either two different RNA molecules or two identical RNA molecules. The deletion can be the result of an intramolecular event or the recombination of an upstream sequence from one RNA molecule with a downstream sequence from the other RNA molecule. Since current technology cannot separate viral particles containing two identical molecules (homogeneous) from those containing two different molecules (heterogeneous), intermolecular recombination cannot be excluded as the source of deletion recombinants.
Previously, retroviral vectors containing two identical sequences separated by a packaging signal within the same RNA molecule were constructed and used to infect cells to examine deletion rates (5, 9) . The investigators found that the rate of deletion in progeny proviruses was 57 to 93% after one round of replication. This result does not exclude the possibility that the high rate of deletion resulted from the packaging signal being a hot spot for reverse transcriptase template switching events (9) . In addition, because the viruses analyzed were from a pool of transfected cells (5), it could not be determined if the deletion occurred during reverse transcription or occurred during transfection with the proviral DNA.
To further study recombination between two identical sequences within the same RNA molecule, murine leukemia virus (MLV)-based vector (JZ442 ϩ 3Ј Hyg) has been constructed. This vector contains a whole hyg gene and an unselected color marker reporter gene, the green fluorescent protein gene (gfp). Additionally, it carries an extra 3Ј hyg gene segment of 290 bp inserted into the 3Ј untranslated region of the gfp gene. This construct allows us to demonstrate that a high rate of deletion does not relate to the packaging signal sequence. The intermolecular recombination rate between an infectious virus bearing two copies of the 290-bp segment and a chimeric RNA virus containing a single copy of this sequence was also measured. The rate of intermolecular recombination in the presence of two copies of identical sequences on the infectious RNA molecule did not increase much compared with the rate (62%) of recombination between the two identical sequences on the same RNA molecule.
MATERIALS AND METHODS
Nomenclature. Plasmids are designated as, for example, pJZ442; viruses made from these plasmids are designated as, for example, JZ442. Some infectious Moloney murine leukemia virus (MLV) vectors contained a 290-bp sequence (3Ј hyg). When the 290-bp sequence was inserted at the 5Ј end of the neo gene, the number of nucleotides inserted is on the left of the "N" (N stands for neo) (for example, pL290N). When the 290-bp sequence was inserted at the 3Ј end of the neo gene, the number of nucleotides inserted is on the right of the "N" (for example, pLN290).
Vector constructions. All recombinant techniques were carried out by conventional procedures (14) . All vector sequences are available upon request.
(i) Construction of pJZ442 and pJZ442 ؉ 3 Hyg (Fig. 1A and B) . The pJZ442 construct, from 5Ј to 3Ј, was assembled as follows. The 5.4-kb NdeI-BamHI fragment (from positions 2990 to 1630) was isolated from pLN (12) and contains the neo gene and the two MLV long terminal repeats (LTRs). The 0.7-kb BamHI-SalI fragment (from positions 1631 to 2387) was isolated from pEGFP-1 (Clontech, Palo Alto, Calif.). The 0.6-kb SalI-NdeI fragment (from positions 2388 to 2989) was isolated from pCITE-1 (Novagen, Madison, Wis.) and contains the internal ribosome entry segment (IRES) sequence. In pJZ442 ϩ 3Ј Hyg, the SacII-HindIII fragment (290 bp long) of the 3Ј hyg sequence was inserted at the NotI and ClaI sites of pJZ442, which are located downstream of the open reading frame of the gfp gene.
(ii) Construction of pJZ211, pLN290, pL290N, and pL290N290 (Fig. 2) . The pJZ211 and pLN290 constructs were described previously (17, 18) . The 290-bp hyg sequence in pL290N and pL290N290 was cloned as the SacII-HindIII fragment from pJZ211.
Cells, transfection, and infection. The processing of D17 cells (a dog osteosarcoma cell line; ATCC CRL-8468), PA317 helper cells (ATCC CRL-9078), and PG13 helper cells (ATCC CRL-10686), DNA transfections, virus harvesting, and virus infections were as previously described (17) .
Introduction of JZ442 ؉ 3 Hyg (and JZ442) into helper cell line PG13. Plasmid DNA of pJZ442 ϩ 3Ј Hyg (and pJZ442) was transfected into an MLV amphotropic helper cell line, PA317 (10) . The supernatant media containing the viruses were collected and designated STEP 1 virus stock. The STEP 1 viruses were used to infect an MLV xenotropic helper cell line, PG13 (11) . The viruses released from infected PG13 cells were unable to infect NIH 3T3 derivatives, including PG13 (11) . This procedure ensured that the infection of D17 cells with viruses collected from PG13 cells represented only a single round of infection. Infected cells were selected for hygromycin resistance (Hyg r ). Visible colonies appeared about 10 days after selection. The cells of well-separated green colonies were isolated and designated STEP 2 cells.
Fluorescence microscopy. A fluorescence inverted microscope (Zeiss Axiovert 25) with a mercury arc lamp (100 W) and a fluorescence filter set (CZ909) consisting of a 470-to 40-nm exciter, a 515-nm emitter, and a 500-nm beam splitter was used to detect green fluorescent protein in living cells.
RESULTS
Determination of the recombination rate within one retroviral RNA molecule. A bicistronic MLV-based vector (pJZ442) that carries a drug resistance gene, hyg, and an unselected color reporter gene, gfp (3), along with an IRES sequence between the two genes, has been constructed (Fig. 1A) . The IRES sequence of the encephalomyocarditis virus origin allows the ribosome to bind to the internal AUG that initiates the translation of the second gene independently of the upstream gene (1, 2) . To measure the recombination rate between two identical sequences within the same RNA molecule, another vector (pJZ442 ϩ 3Ј Hyg) that also contains the hyg and gfp genes but also includes the insertion of a sequence homologous to 290 bp of the 3Ј hyg gene into the 3Ј untranslated portion of the gfp gene (downstream of the gfp gene or after the stop codon of the gfp gene) has been constructed (Fig. 1B) . pJZ442 ϩ 3Ј Hyg was used to transfect PG13 cells, and transfected cells were selected for Hyg r . Hyg r cells were analyzed under a fluorescence microscope. Green cells contained parental JZ442 ϩ 3Ј Hyg, and clear cells contained a gfp gene deletion (or mutation) in the transfected provirus. Approximately 48.8% Ϯ 10.2% of the transfected Hyg r PG13 cells were clear. Therefore, transfection alone caused a high frequency of deletion (or mutation) between the two identical sequences in the same plasmid DNA. To avoid a high frequency of deletion during transfection, JZ442 and JZ442 ϩ 3Ј Hyg were introduced by infection into the helper cell line PG13 described in Materials and Methods. The viruses released from each PG13 clone, which contained JZ442 or JZ442 ϩ 3Ј Hyg provirus, were used to infect D17 cells; the infected D17 cells were selected for Hyg r . After about 12 days of selection, visible Hyg r colonies appeared, and these were designated STEP 3 cells. Because D17 cells do not contain viral gag-pol and env gene products for retroviral replication, no progeny viruses were released from these cells (17) . Therefore, each colony of Hyg r cells represented a single viral infection. Individual Hyg r colonies were examined under a fluorescence microscope. The clear colonies (Fig. 3A and B) represented cells containing the proviruses with the gfp deletion. The green colonies (Fig. 3C and D) and represented cells containing the parental proviruses. Results from counting green and clear colonies (Table 1) indicated that the rate of deletion between the two identical sequences in the same RNA molecule was very high (62% Ϯ 9% per replication cycle). In comparison, only 1% of the colonies infected with JZ442 were clear. This result indicates that the rate of mutation of the gfp gene in the JZ442 vector during a single round of retroviral replication is about the same as previously reported (13) . To determine the nature of the recombinants, genomic DNAs from clear and green STEP 3 cells were digested with EcoRV. EcoRV digested within the LTRs of the vectors; the parental provirus produced a 4.2-kb fragment, while the recombinant provirus with the deletion of the gfp gene produced a 2.5-kb fragment (Fig. 4) . The recombinant formed a distinct 2.5-kb band, indicating that most deletions of the gfp gene resulted from recombination between the two identical sequences.
Intermolecular recombination between a noninfectious RNA and an infectious RNA containing two identical sequences. The retroviral vectors and protocol used to measure rates of recombination have been described previously (17) . In order to study recombination between chimeric and infectious MLV RNAs, a chimeric RNA, JZ211 (Fig. 2) , was prepared. JZ211, derived from spleen necrosis virus (SNV), contained a deletion in the U3 region of the 3Ј SNV LTR as well as an XhoI restriction site linker in the deletion site (Fig. 5 ). This vector also contained a truncated MLV vector between the two SNV LTRs, in a transcriptional orientation opposite that of the SNV LTRs. In this truncated MLV vector, the hyg gene was expressed from the 5Ј MLV LTR, and a herpes simplex virus thymidine kinase poly(A) addition signal replaced the completely deleted 3Ј MLV LTR. The infectious MLV vectors contained a neo gene between the two MLV LTRs (17, 18) ( Fig. 2 and 5 ). pJZ211 DNA was transfected into the SNV C3A2 helper cell line (containing the SNV gag-pol and env genes) (16) (Fig. 5) . The cells were selected for Hyg r , and resistant cells were pooled and designated STEP 1 cells (Fig. 5 , STEP 1). Virus from STEP 1 cells was used to infect the MLV helper cell line PG13. Infected cells were selected for Hyg r , and individual clones were isolated and designated STEP 2 cells. The structure of the proviruses formed from the SNV U3-negative vector in the PG13 cells was monitored by Southern (DNA) analysis. The XhoI linker in JZ211 was duplicated in the 5Ј LTR during the formation of the STEP 2 provirus (Fig. 5, STEP 2) (7). The STEP 2 clones that contained the expected XhoI fragment, which hybridized to a hyg probe, were used for further analysis (Fig. 5, STEP 2) . To test whether any virus capable of forming Hyg r colonies was produced by STEP 2 cells, the supernatant medium (3 ml) from each STEP 2 cell clone was used to infect D17 cells, and the infected cells were selected for Hyg r . No Hyg r D17 colonies were detected. This was because the deletion of the U3 region (promoter and enhancer) in the SNV 5Ј LTR prevented transcription from the SNV vector (6) .
The infectious MLV vectors LN, LN290, L290N, and L290N290 (Fig. 2) were transfected individually into the helper cell line PA317 (Fig. 5) . Cells exhibiting the Neo r phenotype were pooled, viruses from the PA317 cells were used to superinfect STEP 2 cells containing JZ211, and the infected cells were selected for Neo r . Individual Neo r clones were isolated and designated STEP 3 cells (Fig. 5, STEP 3) . Each STEP 3 cell clone contained a single JZ211 integration and a single integration of LN, LN290, L290N, or L290N290. Viruses from each STEP 3 clone were used to infect D17 cells, and the infected cells were selected separately for Hyg r and for Neo r . The resulting cells were designated STEP 4 cells (Fig. 5, STEP  4) . With this approach, Hyg r colonies form only when recombination between JZ211 and any one of the three vectors occurs at the shared 290-bp homologous sequences, so that the hyg gene is flanked by two LTRs. If a nonhomologous recombination event occurs between JZ211 and LN, it results in a Hyg r colony. The rate of recombination is much lower than the rates for vectors containing the 290-bp sequence when there are shared homologous sequences ( Fig. 2A) (17, 18) . The target cells do not contain viral gag-pol and env gene products for retrovirus replication; therefore, no progeny virus can be released from them (17) . Consequently, these vector viruses had undergone only one cycle of replication. LN290 and L290N contained the same 290-bp 3Ј hyg sequence, except that the 290-bp sequence of LN290 was inserted at the 3Ј end of neo and served as the 3Ј untranslated sequence, whereas the 290-bp sequence of L290N was inserted at the 5Ј end of neo and served as the 5Ј untranslated sequence (Fig. 2B and C) . This 290-bp sequence does not contain an ATG motif; therefore, neo translation should not be affected by the 5Ј insertion ( Fig. 2A and B) . The ratios of Hyg r CFU to Neo r CFU produced were 8 ϫ 10 Ϫ4 Ϯ 6 ϫ 10 Ϫ4 and 17 ϫ 10 Ϫ4 Ϯ 5 ϫ 10 Ϫ4 , respectively, for LN290 and L290N. L290N290 contained two copies of sequences identical to that in JZ211. Specifically, the 290-bp 3Ј hyg sequence was inserted both upstream and downstream of the neo gene within this vector. The rate of recombination between JZ211 and L290N290 was 60 ϫ 10 Ϫ4 Ϯ 13 ϫ 1  124  1  1  1  27  55  1  2  124  1  0  2  14  70  3  3  105  1  0  3  33  53  5  4  112  2  0  4  13  19  0  5  72  0  1  5  19  25  0  6  132  2  0  6  33  46  0  7  2 8  3 2  0   Total  669  7  2  Total  167  300  9 a Each clone was an individual clone of PG13 cells containing the JZ442 or JZ442 ϩ 3Ј Hyg provirus. The colonies were analyzed under a fluorescence microscope. The rates of gfp deletion were 1% for JZ442 clones and 62% Ϯ 9% for JZ442 ϩ 3Ј Hyg clones.
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Ϫ4 , and the rate of recombination between JZ211 and LN was only 0.3 ϫ 10 Ϫ4 Ϯ 0.2 ϫ 10 Ϫ4 . To determine whether recombination had occurred at the 5Ј or at the 3Ј end of the hyg sequence, the DNA of pooled STEP 4 cells was digested with BamHI and HindIII and hybridized with a hyg probe. The proviruses resulting from recombination between JZ211 and L290N290 utilizing upstream and downstream hyg sequences produced different sizes of BamHI-HindIII fragments that hybridized with a hyg probe (Fig. 2) . The recombinants utilizing the upstream hyg sequence produced a 2.4-kb BamHI-HindIII hyg fragment, and those utilizing the downstream hyg sequence produced a 1.1-kb BamHI-HindIII hyg fragment. The pooled recombinants from JZ211 and L290N290 yielded a 1.1-kb fragment and a 2.4-kb fragment, indicating that both identical sequences were used to form the recombinants between the chimeric RNA and the infectious vector (Fig. 6 ).
DISCUSSION
Because they have two genomic RNA molecules in their virions, retroviruses undergo recombination at a high rate. Our data indicate that the high rate of recombination between two identical sequences within the same RNA molecule was not dependent on the packaging signal. The rate of intermolecular nonhomologous deletion in a single RNA molecule (10 Ϫ5 bp per replication cycle) is about 1,000 times higher than that of intermolecular nonhomologous recombination (10 Ϫ8 bp per replication cycle) (13) .
Recombination between sequences within the same RNA molecule can be intermolecular or intramolecular. Recombination between a chimeric RNA vector and infectious vectors containing one or two copies of the identical sequences was examined. The results indicated that the presence of two copies of identical sequences on the infectious RNA increased the rate of recombination very little (6 ϫ 10 Ϫ3 ) compared with a 60% increase in the rate of recombination (6 ϫ 10 Ϫ1 ) between the same 290-bp identical sequences in the same RNA molecule. In addition, the actual titers of the infectious viruses, as measured by Neo r , were even higher. This result would be due to intrastrand recombination within the two identical sequences on either side of the neo gene. From the data presented in this study, the deletion rate should be nearly 50%, which would account for the discrepancy observed. However, it is interesting to observe that most intermolecular recombination events either have involved the downstream stretch of identical sequence or have already involved an intramolecular recombination event between the two copies of the 290-bp stretch. This finding suggests the phenomenon of negative interference, which indicates that intramolecular recombination increases the chance of intermolecular recombination or vice versa. However, the individual rate of inter-versus intramolecular recombination between two identical sequences within the same RNA molecule remains unresolved. FIG. 6 . Southern analysis of recombinants between JZ211 and L290N290. Chromosomal DNA of Hyg r STEP 4 cells was used. Cellular DNAs isolated from STEP 4 cells were pooled from more than 100 Hyg r colonies, digested with BamHI and HindIII, and hybridized with a hyg gene probe (Fig. 2) . LN290, L290N, and L290N290 represent Hyg r cells resulting from recombination between JZ211 and LN290, L290N, and L290N290, respectively. Molecular sizes are shown on the left.
